TCR V genes show differing expression patterns, termed skewing, in CD4 ⍣ and CD8 ⍣ subsets of T lymphocytes. To determine which elements of the TCR V regions contribute to these observed TCR V gene skewing patterns, we have performed an in-depth analysis, taking advantage of RT-PCR and DNA sequencing, which was focused on the multi-member TCRBV6 gene family. These studies allowed us to evaluate the contributions of the various elements, that constitute the TCR β chain variable region, to the observed TCR V gene skewing patterns. The results of these analyses revealed that within the TCRBV6 family individual members exhibited differing skewing patterns, i.e. TCRB6S7 was significantly skewed towards the CD4 ⍣ T cell subset, whereas TCRBV6S5 was significantly skewed towards the CD8 ⍣ subset. Scrutiny of the usage of TCRBV6 family members in combination with TCRBJ gene usage and amino acid composition of CDR3 did not reveal obvious structural characteristics which would explain the differing skewing patterns between TCRBV6S7 and TCRBV6S5. Further examination of these TCR V regions showed that the CDR1 and 2 regions within these TCRBV elements were composed of different amino acids. These observations suggests that these components contribute to the observed TCR V gene skewing patterns.
Introduction
The antigen receptor of T lymphocytes (TCR) is a disulphide does not reach this full potential of diversity (4) in that it is not completely random and certain patterns of expression linked heterodimer consisting of an α and β chain. Each chain is derived by the random recombination of non-contiguous are clearly evident which are recurrent between individuals (9). The TCR repertoire in the periphery is shaped by thymic gene segments [V, D (β only) and J genes] during thymic development (1-4). The joining between these gene segments maturation events as well as exposure to various antigenic challenges (10). We and others (9-21) have shown that the forms the antigen binding site, or CDR3 region. It is this CDR3 region that is thought to be primarily concerned with the levels of expression of the TCR V gene segments demonstrate consistent patterns which differ between the CD4 ϩ and CD8 ϩ recognition of antigenic peptide bound in the groove of self MHC molecules, whereas the CDR1 and 2 regions located subsets. Several TCR V genes appear to skew preferentially to either the CD4 ϩ or CD8 T ϩ cell subset. This phenomenon within the V gene are thought to be major components in binding the MHC molecule itself (5-8). Through the large is seen in the majority of the individuals studied and there seems to be no apparent correlation with genetic background, number of different genes available for recombination, and the imprecise joining with the addition of template-independent relation or HLA expression. There is evidence to suggest that these skewing patterns also exist in neonatal cord blood nucleotides (N nucleotides) or template-dependent nucleotides (P nucleotides), an enormous amount of diversity can lymphocytes (CBMC) (15 and Vië tor et al., unpublished observations), which represents a mature TCR repertoire that be generated by the TCR. However, due to certain selection processes, the total TCR repertoire within a given individual has not yet been exposed to environmental antigens. This -DP ND a The HLA typing for the class I locus was determined serologically. b The HLA typing for the class II locus was determined serologically and/or by sequence-specific oligonucleotide (SSO) typing. The terminology corresponds to the method used for the typing, i.e. the DR locus for FN/NN was determined by SSO typing.
ND, not done.
indicates thymic selection as the prominent factor in repertoire CD4 ϩ and CD8 ϩ T cell subsets as previously described (9). The recovered subsets (with Ͼ97% purity) were then washed skewing (22) .
In this study we have expanded on our previous study twice in cold PBS and used immediately for RNA extraction by the RNAzolB method (Cinna/Biotecx, Houston, TX) accorddemonstrating CD4/CD8 skewing (9) and have attempted to address the question of the mechanism by which preferential ing to manufacturer's protocol. Due to amount of cells being extracted (5ϫ10 4 -2ϫ10 5 ), the RNA was precipitated in the skewing occurs. This was done by analysing a particular multi-member V β family (TCRBV6) in which individual TCRBV presence of a non-specific carrier (glycogen, 10 µg/ml; Boehringer Mannheim, Mannheim, Germany) to ensure efficisubfamily members demonstrate opposite skewing patterns (9) taking advantage of cell material derived from pairs of ent precipitation. The RNA was reverse transcribed into cDNA by using the Riboclone cDNA synthesis system (Promega, monozygotic twins, including neonatal twins (cord blood). Nucleotide sequences of the TCRBV6 family members were Madison, WI) as previously described (9). Complete inactivation of the AMV reverse transcriptase was achieved by heat analysed for differences in the CDR3 regions that could be related to the skewed selection of the T cells into a particular inactivation (incubation for 5-10 min at 68°C) after the cDNA samples were diluted 1:2 with double-distilled H 2 O. Subsubset. These analyses revealed that no significant differences in the CDR3 amino acid composition were seen sequently the samples were frozen at -20°C for several hours before use. The cDNA samples were then quantified by PCR between the CD4 and CD8 subset. Therefore we postulate that the CDR1 and 2 regions may contribute to the observed with the internal control 5Ј and 3Ј TCRBC primers. The cDNA samples were subsequently further diluted with doubleskewing patterns as noted among individual TCRBV6 family members.
distilled H 2 O as necessary to a volume where 1 µl of cDNA per PCR reaction mix yields PCR products that are within the range of log phase of amplification at 30 cycles for TCRB Methods and 35 cycles for TCRA, thus avoiding saturation. The PCR amplification reaction mixtures were as previously described Donor selection and mononuclear cell collection (9) using AmpliTaq DNA polymerase (Perkin Elmer, Roche Peripheral lymphocytes were isolated from three pairs of twins Molecular Systems, Branchburg, NJ). The PCR was carried of various ages (Table 1) : two pairs of adult monozygotic out in a Biomed Thermocycler 60 (Biomed Instruments, twins and one pair of new-born monozygotic twins (cord Fullerton, CA) with cycles consisting of 95°C denaturation, blood). Peripheral blood mononuclear cells (PBMC) from 55°C primer annealing and 72°C extension steps (1 min the adult twins was obtained by sterile venepuncture. The each). Tubes containing no template cDNA were also included neonatal cord blood was obtained by a sterile puncture of a as negative controls to detect any carryover contamination, major placental vein post-partum. PBMC and cord blood under which condition no amplification could be detected on mononuclear cells (CBMC) were isolated by Ficoll-Isopaque ethidium bromide-stained agarose gels or after hybridization density gradients. PBMC was cryopreserved in RPMI with with TCR C region-specific probes. 20% human serum and DMSO at a final concentration of 10% until further use. HLA typing of the donors was performed by Semiquantitative data analysis standard serological methods or by DNA oligotyping and are
The PCR products were analysed by Southern blotting on nylon listed in Table 1. membranes (Hybond N ϩ ; Amersham International, Bucking-T cell subset isolation hamshire, UK) and specific hybridization with a 32 P-labelled TCRBC or TCRAC region probe as previously described. The PBMC or CBMC of the donors were separated by FACS sorting (FACScan; Becton Dickinson, Mountain View, CA) into amount of PCR product was determined by densitometry of the autoradiograms (LKB 2220-020, Ultrascan XL Laser Densito-CD4 ϩ or CD8 ϩ subset, we analysed sequences of TCRBV6 RT-PCR products from two adult and one neonatal monometer; Pharmacia LKB Biotechnology, Uppsala, Sweden) or by phosphor imaging (SI 445; Molecular Dynamics, Sunnyvale, zygotic twin pairs. We examined the sequences for differences in the V-D-J junctional regions between the CD4 ϩ and CA). Statistical significance of the skewing of TCRV genes between the CD4 ϩ or CD8 ϩ subsets was determined by the CD8 ϩ subsets that might explain the selection preference. Specifically, we first examined the overall TCRBJ usage within Mann-Whitney U-test, with P Ͻ 0.05 being significant. Correlation (R 2 ) between populations analysed was determined as the CD4 ϩ and CD8 ϩ subsets (Table 2) . Second, the N-D-N and CDR3 regions were analysed for amino acid length and previously described (9), with R 2 ϭ 1.0 being perfect correlation and R 2 ϭ 0.0 being no correlation.
N-D-N contribution (Table 2) . Third, the N-D-N regions were analysed with regard to amino acid composition (Fig. 3) .
Bacterial cloning and sequencing of the PCR products
Finally, individual TCRBV6 subfamily members that demonThe TCRBV6 RT-PCR products for DNA sequence analysis strate significant skewing were analysed separately for TCRBJ were excised from low-melting point agarose and purified usage (Table 3) , as well as N-D-N length and amino acid by using the Wizard PCR Prep DNA purification system composition (data not shown). Taken together, no significant (Promega) following the manufacturer's protocol. Since differences in these parameters could be observed between thermostable polymerases preferentially add a templatethe CD4 ϩ and CD8 ϩ subsets which would suggest significant independent, single adenosine nucleotide to the 3Ј end of influence resulting in the preferential TCR binding to peptidedouble-stranded DNA (23), the purified PCR products were MHC class I or II complexes and thus account for the skewing. directly ligated into a 5Ј-thymidine tailed double-stranded
The TCRBJ genes demonstrated an overall normal distribu-DNA plasmid vector following the manufacturer's protocol tion of TCRBJ1 and TCRBJ2 (TCRBJ2 being more abundant (pMOSBlue T-vector; Amersham International). Individual than TCRBJ1) (26-31) in both the CD4 ϩ and CD8 ϩ populations bacterial clones were then sequenced by the Sequenase with the exception of individual NN, where the distribution 2.0 standard protocol as described previously (24) . The was close to 50% for both CD4 and CD8 (Table 2) . However, nomenclature of the individual TCRBV6 subfamily members this appears to be the normal distribution for this individual is according to Slightom et al. (25) .
as seen in an earlier study examining antigen-specific T cell clones derived from individual NN (32) . Only one individual (MGH) had a different pattern of TCRBJ1 and BJ2 in the Results CD4 ϩ subset (58 versus 42%) compared to the CD8 ϩ (100% TCR repertoire expression and skewing in adult PBMC and TCRBJ2) subset. The CDR3 region analysis showed that the neonatal CBMC amount of N addition amino acids compared to TCRBD encoded amino acids within the CD4 ϩ and CD8 ϩ subsets Previously we and others have shown that the TCR V genes did not vary significantly, nor did the overall CDR3 length are used differentially between the CD4 ϩ and CD8 ϩ T cell ( Table 2) . Analysis of the amino acid composition within the subsets in adult individuals by using various techniques such N-D-N regions yielded an extremely similar pattern of usage as RT-PCR and mAb (9-21). It has also been previously between the CD4 ϩ and CD8 ϩ subsets (Fig. 3) . Individual shown by using mAb that this CD4/CD8 skewing is seen in variations were seen (data not shown), but when all CD4 ϩ or cord blood lymphocytes of neonates (15) . We have confirmed CD8 ϩ sequences were considered together, the correlation and expanded this using RT-PCR of the full TCR β repertoire value (R 2 ) reached 0.961, thus nearly identical. on several cord blood samples (see example in Fig. 1 and We also considered the TCRBV6 subfamily members Vië tor et al., unpublished observations). The TCR repertoire within the CD4 ϩ and CD8 ϩ subsets individually. First we of the CBMC demonstrates that the general skewing patterns analysed the combination of TCRBJ genes with the TCRBV6 at the TCRV family level are present already at birth. As subfamily members that exhibit CD4 or CD8 skewing. determined in our previous study (9), TCRBV3, 12 and 18
Again, there appeared to be no clear trend related to CD4/ skew to the CD4 ϩ subset, and TCRBV7 and 14 skew to CD8 skewing. The rank orders of combinations (most the CD8 ϩ subset in the majority of individuals investigated. frequent to least frequent) were very similar between the Furthermore, we have evaluated differing skewing of subfamily CD4 ϩ and CD8 ϩ subsets within the individual TCRBV6S5 ϩ members of the TCRBV6 family by DNA sequencing of the (CD8 skewed) and 6S7 ϩ (CD4 skewed) subsets (Table 3) , TCR RT-PCR products (Fig. 2) . As we and others have particularly for the more frequent combinations, where only previously described with mAb, TCRBV6S7 is strongly skewed a couple of slight discrepancies in rank order were seen. to the CD4 ϩ subset (9,12,15,16). The DNA sequencing data Thus, the overall lack of positive correlation between also shows this significantly increased usage of TCRBV6S7 particular TCRBJ usage and the CD4 ϩ and CD8 ϩ skewing in the CD4 ϩ subset (P ϭ 0.0022). Furthermore TCRBV6S5
suggests that TCRBJ gene usage does not play a significant (with the exception of the CBMC) is skewed to the CD8 ϩ role in developing the CD4/CD8 skewing patterns for TCRBV subset (P ϭ 0.0296) as earlier PCR suggested (9). The genes. It should be noted here that the number of TCRBV6S1, TCRBV6S3 and TCRBV6S4 are not significantly sequences analysed for each individual TCRBV6 subfamily skewed in this panel (P ϭ 0.1320, P ϭ 0.4857 and P ϭ 0.0931 member would have to be much larger to make concrete respectively).
conclusions over this aspect; however, in light of a similar DNA sequence analysis of the TCRBV6 family previous study examining the TCRBJ usage in TCRBV5S1 ϩ T cells (TCRBV5S1 demonstrates skewing toward CD4) To examine the possibility that structural properties of the TCR influence the selection of T lymphocytes into either the where similar results were found (27), we do not expect Fig. 1 . The PCR of the TCRBV repertoire in neonatal cord blood shows patterns of skewing between the CD4 ϩ and CD8 ϩ subsets very similar to adult PBMC (9). Shown is an example of PCR on cord blood. The skewing patterns we have previously reported as being found in the majority of all individuals examined are also found in cord blood: TCRBV12 and 18 skewed to the CD4 ϩ subset, and TCRBV7 and 14 skewed to the CD8 ϩ subset.
Fig. 2.
TCRBV6 usage derived from DNA sequencing data for six individuals (three monozygotic twin pairs) shows skewing between the CD4 ϩ and CD8 ϩ subsets. The TCRBV usage of the given subfamily members is calculated as being the percentage of the total sequences for a subset in the individual. TCRBV6S5 (25) demonstrates skewing to the CD8 ϩ subset (P ϭ 0.029, determined by the Mann-Whitney Utest) and TCRBV6S7 is strongly skewed to the CD4 ϩ subset (P ϭ 0.002).
that further sequence analysis would change this conclusion. binding site for the peptide-MHC complex is very similar in CD4 ϩ and CD8 ϩ T cells. Therefore, it is unlikely that Furthermore, we also examined the amino acid usage in the N-D-N regions for each individual TCRBV6 subfamily different binding capabilities of the CDR3 alone is the explanation for the differential usage of some TCR genes member and compared the CD4 ϩ subset with the CD8 ϩ subset (data not shown). There was some variation between between these subsets. Subsequently, we have also examined the CDR1 and CDR2 regions of the TCRBV6 sequences. the CD4 ϩ and CD8 ϩ subsets (R 2 range from 0.456 to 0.793); however, the TCRBV6 subfamily members that are Table 4 lists the CDR1 and CDR2 regions of TCRBV6 (25) , and shows that three amino acids are unique to the skewed did not show more differences than those not skewed (TCRBV6S7 R 2 ϭ 0.793 and TCRBV6S5 R 2 ϭ TCRBV6S7 CDR2 region, and three amino acids are unique each to the TCRBV6S5 CDR1 and CDR2 regions. Since 0.643). In conclusion, this sequence data shows that the overall composition of the CDR3 which represents the TCR the TCRBV6S7 and S5 family members demonstrate CD4 ϩ a The CD4 ϩ subset for each individual is designated by the suffix 4 added to the donor code and likewise the CD8 ϩ subset by the suffix 8. This designation is followed throughout the article.
b The N 1 and N 2 amino acids are defined as being encoded by nucleotides not belonging to the germline portion of the sequence. Amino acids with both N addition nucleotide(s) and germline nucleotide(s) are assigned as follows. Amino acids with trimming and/or additions at the 5Ј end of the TCRDB are N amino acids. Trimming and addition at the 3Ј end which results in a change in the predicted amino acid are also N addition. When there is no trimming of the 3Ј end but additional amino acids are needed to complete the codon, this is considered a D region amino acid. For the 3Ј end of the TCRBV6 gene, the last codon of the germline sequence has two nucleotides (gc-), therefore the amino acid is alanine regardless of the third nucleotide. If there is no trimming of the 3Ј end, then this is considered a germline amino acid. Other trimming and addition is considered N addition.
c The CDR3 region of each sequence is measured from the amino acid immediately following the conserved cysteine at position 92 up to (not including) the conserved FGXGT motif of the TCRBJ gene segment.
d The Q value is the sum of the N 1 ϩN 2 divided by the sum of N 1 ϩDϩN 2 . Therefore, values above 0.500 describe sequences containing more N addition amino acids than TCRBD-encoded amino acids, whereas values below 0.500 represent less N amino acids than TCRBD amino acids.
e The number of unique sequences analysed. Sequences that were found more than once were likely due to the PCR amplification process and therefore were regarded as a single sequence. No more than two sequences were found as duplicates in each of the populations analysed. 
Listed are the amount and rank order of sequences found with the particular combination of individual TCRBJ and TCRBV6 genes that demonstrate CD4/CD8 skewing from sequences derived from three pairs of monozygotic twins. TCRBV6S5 is skewed to the CD8 ϩ subset and TCTBV6S7 is skewed to the CD4 ϩ subset. Rank is assigned as being the frequency at which particular combinations are found from most frequent to least frequent. Several combinations are found in equal frequencies within a subset and are therefore assigned the same rank. Subsequent lower rank combinations are then assigned the highest possible rank they could obtain. The rank order demonstrates that the TCRBV/TCRBJ combination frequency between CD4 ϩ and CD8 ϩ subsets is very similar with a couple of minor variations (listed in bold print).
a Number of sequences found with that particular combination of TCRBV/TCRBJ genes. Table 4 . The CDR1 and CDR2 regions of the TCRBV6 twins. Likewise, the TCR expression of HLA identical unrelated subfamily members (amino acids listed in bold print are those individuals is slightly less concordant than that of siblings amino acids that are unique at that given position for the (13, 17, 31, (33) (34) (35) (36) . However, this is based on not only the TCRBV6 subfamily member that is skewed) skewing between the CD4 ϩ and CD8 ϩ subsets, but also the relative total amounts of each TCRV gene in respect to the other TCRV genes which is also under the influence of further corroborated by other experiments in our group, the results of which have shown that in the BLS model where Discussion HLA class II expression is lacking, the CD4 ϩ repertoire has an altered or inverse skewing pattern (37). Certain TCRV Distinct patterns in the usage of the TCRBV and TCRAV genes regions could feasibly have a better conformational fit and in the CD4 ϩ and CD8 ϩ subsets of T lymphocytes, termed thus a higher affinity with particular MHC molecules to allow the skewing, in the mature peripheral TCR repertoire is a well continued or sustained TCR-MHC interaction during thymic established phenomenon. Several possible internal and maturation, yielding a preferential selection to either the CD4 ϩ external factors could feasibly shape the TCR repertoire into or CD8 ϩ subset of T lymphocytes. the skewed patterns observed. Genetic factors such as HLA To evaluate whether structural properties of the V-D-J expression do seem to predispose a certain pattern of TCR junctions contribute to the observed skewing patterns, we usage as monozygotic twins express repertoires nearly identhave examined sequences of the T cells from the multiical to each other (9,33). HLA identical siblings also express similar repertoires, albeit to a lesser extent than monozygotic member TCRBV6 family. Since individual TCRBV6 family members possess a high level of homology (25) , it would be than between unrelated individuals, with genetically identical monozygotic twins having the most similar peptide pools, reasonable to assume that aside from the CDR1 and 2 regions, the CDR3 portion of the TCR, in particular the TCRJ thus enhancing repertoires that are already made similar by selection on MHC. usage as well as the N-D-N amino acid composition, may influence the binding capacity of particular TCR thereby
In conclusion, these data reveal that within the TCRBV6 family individual members show differing skewing patterns resulting in the skewing by selective binding of the either MHC class I or II molecules. To this end, we have examined towards CD4 ϩ and CD8 ϩ subsets of T lymphocytes. The amino acid composition of CDR3 does not contribute significsequences of the multi-member family TCRBV6 and compared the CD4 ϩ subset with the CD8 ϩ subset to see if differences antly towards this observed skewing but we postulated that this may be governed by the amino acid composition of the could be observed. Overall, the CDR3 regions of the TCRBV6 sequences do not vary significantly between the CD4 ϩ and CDR1 and 2 regions. CD8 ϩ subsets. Furthermore, no significant differences were seen between the CD4 ϩ and CD8 ϩ subsets when comparing Acknowledgements individual TCRBV6 subfamily members which demonstrate skewing. It also could not be determined that particular Recently, in the mouse, it has been shown that allelic variants of a TCRV gene which differ by only four amino acids, with Abbreviations one difference in the CDR1 region and one in the CDR2 region (TCRAV1S1A1, TCRAV1S1A2), demonstrate opposing CBMC cord blood mononuclear cell skewing properties (38). Site-directed mutations within either PBMC peripheral blood mononuclear cell SSO sequence-specific oligonucleotide the CDR1 or 2 resulted in reversed skewing. This supports the model that the CDR1 and 2 regions bind to the nonpolymorphic HLA portion of the peptide-MHC complex. In References this study, when the CDR1 and 2 of the individual TCRBV6
